Ovarian cancer is the leading cause of reproductive cancer death in U.S. women. This high mortality rate is due to the lack of early detection methods and ineffectiveness of therapy for advanced disease. Until more effective screening methods and therapies are developed, chemoprevention strategies are warranted. The hen has a high spontaneous prevalence of ovarian cancer and has been used as a model for studying ovarian cancer chemoprevention. In this study, we used the hen to determine the effect of progestin alone, estrogen alone, or progestin and estrogen in combination (as found in oral contraceptives) on ovarian cancer prevalence. We found that treatment with progestin alone and in combination with estrogen decreased the prevalence of ovarian cancer. A significant risk reduction of 91% was observed in the group treated with progestin alone (risk ratio ¼ 0.0909; 95% CI: 0.0117-0.704) and an 81% reduction was observed in the group treated with progestin plus estrogen (risk ratio ¼ 0.1916; 95% CI ¼ 0.043-0.864). Egg production was also significantly reduced in these treatment groups compared with control. We found no effect of progestin, either alone or in combination with estrogen, on apoptosis or proliferation in the ovary, indicating that this is not the likely mechanism responsible for the protective effect of progestin in the hen. Our results support the use of oral contraceptives to prevent ovarian cancer and suggest that ovulation is related to the risk of ovarian cancer in hens and that other factors, such as hormones, more than likely modify this risk. Cancer Prev Res; 5(2); 343-9. Ó2011 AACR.
Introduction
Ovarian cancer is the leading cause of reproductive cancer death in U.S. women. This high mortality rate can be attributed to the fact that more than 80% of women with the disease are diagnosed at late stages when tumors have metastasized. The 5-year survival rate is less than 30% for later stages of the disease, although the survival rate is more than 90% for the approximately 15% of women diagnosed at earlier stages of the disease when the tumor is still confined to the ovary (1) . These data support the need for the development of early detection strategies for the disease. Unfortunately, efforts to identify a widely acceptable screening strategy have thus far failed and so cancer prevention remains the most viable method to limit development of fatal ovarian neoplasms. Chemopreventive agents, such as oral contraceptives, may act to protect women from the development of ovarian cancer.
Epidemiologic studies have consistently shown that ovarian cancer risk is decreased in women who use oral contraceptives (2) . In fact, a recent study showed that oral contraceptive use is associated with a 20% decrease in relative risk of ovarian cancer for every 5 years of use and longer duration of use further decreases the risk (3) . In addition, the risk is reduced for 30 years or more after use has stopped (3). Several mechanisms have been proposed to explain how oral contraceptives decrease the risk of ovarian cancer, including inhibition of ovulation, induction of apoptosis, and inhibition of proliferation (4) . Animal models can be used to test the efficacy and mechanism of action of chemopreventive agents.
Previous studies have used the domestic hen (Gallus domesticus) as a model of ovarian cancer. Like humans, the hen spontaneously develops aggressive ovarian cancers and the incidence increases with age (5) . Previous studies have shown that chicken ovarian tumors express antigens that are frequently expressed in human ovarian cancer as well as those that are useful as surrogate biomarker endpoints in chemoprevention trials (6) . Hens have also been used in studies testing the efficacy of putative chemopreventive agents including aspirin (7) and flaxseed (8) in preventing ovarian cancers. One promising study determined that treatment with medroxyprogesterone acetate (MPA; Depo-Provera), a common constituent used in progestin-only formulations of contraceptives, resulted in a 15% reduction of risk of ovarian cancer in treated hens compared with control hens (9) .
Our objective was to compare the efficacy of progestin (P), estrogen (E), and progestin and estrogen in combination (PþE) in preventing ovarian cancer in the hen. These hormones are commonly delivered together in commercially available human contraceptives. To determine a possible mechanism by which the hormones might prevent cancer, we examined how the treatments affected apoptosis and cellular proliferation in normal hen ovaries. Our results suggest that ovulation is related to the prevalence of ovarian cancer, and the effect of ovulation may be separate from the effects of steroid hormones.
Materials and Methods

Animals
A total of 231, approximately 1-year-old single comb White leghorn hens were randomly divided into 4 treatment groups. All birds were individually caged with access to food and water ad libitum and maintained on a 15-hour light and 9-hour dark schedule. Treatment groups consisted of: control (n ¼ 59), progestin and estrogen treatment combined (PþE; n ¼ 56), progestin alone (P; n ¼ 59), and estrogen alone (E; n ¼ 57). Hens were treated as described below. Egg production was monitored daily as a marker of ovulation and hens were weighed monthly. Necropsies were done on hens that died before the termination of the experiment (n ¼ 71) as well as those that were euthanized by CO 2 asphyxiation at the end of the experiment (n ¼ 160). All animal procedures were approved by the Institutional Animal Care and Use Committee of Cornell University.
Treatments
Supplementary Table S1 summarizes the treatment scheme. Hens in the control group were injected with 1 mL of the sesame oil vehicle and implanted with an empty silastic tube. Hens in the PþE treatment group were injected with 50 mg of MPA (Spectrum Chemical) dissolved in 1 mL of sesame oil and implanted with 25 mg estradiol implants (Compudose 200; Elanco Animal Health) previously reported to be bioactive in the hen (10, 11) . Hens in the P treatment group were injected with MPA as described above and implanted with an empty silastic tube. Finally, hens in the E treatment group were injected with 1 mL of sesame oil and implanted with estradiol implants as described above.
Injections of either sesame oil or MPA were administered into the breast muscle (i.m) every 3 to 4 weeks throughout the treatment period. Initially, the hens were injected with 100 mg as previously described (9) resulting in an almost complete cessation of egg production; however, due to adverse effects, the dose was reduced to 20 mg. Unfortunately, 20 mg was not sufficient to suppress ovulation long term and, as a result, after approximately 8 months, the hens were injected with 50 mg which was maintained throughout the experiment. Compared with 100 mg, this dose was better tolerated and yet still reduced egg production (although to a lesser extent).
For implantation of the silastic tube or estradiol implant, hens were administered a local anesthetic (bupivicane; 5 mg/mL) between the wings in which implants were inserted through an incision made with a scalpel. The incision was closed with tissue adhesive (VetBond). A second implant was inserted in the same location 180 days after the first implant to ensure estradiol levels were elevated throughout the treatment period. Treatments were administered for a total of 16 months similar to the previous study in which progestin was administered to hens (9) .
Tissue collection
Hens that died during the course of the experiment (n ¼ 71) or were terminated at the end of the experiment received a full necropsy. Tumors in hens were identified grossly by the presence of firm, nodular outgrowths on the ovary, often accompanied by ascites and implants on the serosa of tissues within the abdominal cavity as described previously (5, (12) (13) (14) . Sections of ovary were fixed in 10% neutral buffered formalin and processed for histopathology by the Cornell University College of Veterinary Medicine Histopathology Laboratory. Slides were stained with hematoxylin and eosin (H&E) and examined by 2 independent observers, one of whom is a board certified veterinary pathologist (ELB). Ovarian neoplasms were verified based on histology. Ovarian tumors identified in hens were staged based on gross examination as previously described (7, 15) . Briefly, stage 1 tumors are restricted to the ovary and only detectable by histology. Stage 2 tumors are restricted to the ovary and observable at necropsy. Stages 3 and 4 tumors have abdominal seeding without or with ascites, respectively.
Immunofluorescence
Paraffin sections of ovary were deparaffinized and rehydrated, followed by antigen retrieval by boiling in sodium citrate buffer for 20 minutes. Sections were blocked in PBS with 5% nonfat dry milk plus 10% goat serum and incubated with mouse anti-chicken ovalbumin (A6075; Sigma-Aldrich) at 115 mg/mL overnight at 4 degrees. Control slides were incubated with mouse immunoglobulin (IgG). Detection was achieved by incubating with AlexaFlour 488 goat anti-mouse IgG at 1 mg/ mL (A-11001; Molecular Probes) for 1 hour at 39 degrees. Slides were viewed by a Nikon eclipse E600, and pictures were taken with a Spot RT Slider camera. Images were taken at 3 seconds exposure.
Estradiol radioimmunoassay
Blood samples were collected from the wing vein of a subset of hens throughout the experiment at 30, 60, 120, 180, and 360 days after the implantation of the first estradiol or control implants. Plasma isolated from the blood samples was assayed for estradiol using the Coat-A-Count estradiol RIA Kit (Siemens). All samples were assayed in duplicate. The average intraassay coefficient of variation was 22%.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay
Serial sections of ovarian tissue from a subset of the animals without cancer in each treatment group (n ¼ 6 per group) were analyzed for relative amounts of cellular apoptosis in the surface epithelium and within the follicular wall. Apoptosis was assessed using the ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (Chemicon International) according to the manufacturer's instructions. Slides were scanned at 40Â with the Aperio Scanscope (Aperio Inc.). Twenty random images of ovarian surface epithelium and 30 random images of the stroma for each hen were obtained with the ImageScope Viewer program (Aperio Inc.). Positive staining of apoptotic nuclei was quantified in the images using the color range function of Adobe Photoshop. The intensity of positive staining was then graded on a scale from 0 to 3 (0, no staining; 1, low; 2, medium; and 3, high intensity staining).
Proliferation assay
Serial sections from normal hens in each treatment group (n ¼ 6) were analyzed for proliferation by assessing expression of proliferating cell nuclear antigen (PCNA) protein by immunofluorescence. For this procedure, deparaffinized sections were rehydrated through a series of incubations with xylene and ethanol. Sections were boiled in citrate buffer for antigen retrieval, blocked in 10% goat serum in PBS for 30 minutes at 37 degrees, and then incubated with a mouse anti-rat PCNA antibody previously validated in the chicken (PC-10; Santa Cruz Biotechnology) at a dilution of 1:50 for 1 hour at 37 degrees (16) . Control slides were incubated with mouse IgG. This was followed by incubation with AlexaFluor 488-conjugated goat anti-mouse secondary antibody for 1 hour at 37 degrees. Slides were viewed by a Nikon eclipse E600, and 6 random images of OSE and the stroma for each hen were obtained at 20Â magnification. PCNA-positive nuclei were identified in the images using the color range function of Adobe Photoshop, and the intensity of positive staining was graded on a scale from 0 to 3 (0, no staining; 1, low; 2, medium; and 3, high intensity staining).
Statistical analysis
All tests were carried out using SAS (version 9.2) with a significance level of P < 0.05. The effect of treatment on ovarian cancer incidence was analyzed by proc GENMOD as recommended by staff at the Cornell Statistical Consulting Unit. Egg production and plasma estradiol level among treatments were analyzed using proc MIXED. The effects of treatment on apoptosis and proliferation in the OSE and the stroma were analyzed by proc GLM.
Results
Effect of treatment on cancer prevalence and stage
We observed a significant effect of treatment on the prevalence of ovarian cancer (P < 0.01; Table 1 ). Nineteen percent of the hens in the control treatment group were diagnosed with ovarian cancer. This is similar to the percentages previously reported (10%-23%) in hens at this age (7, 17) . Treatment with P alone (P < 0.005) and PþE (P < 0.01) significantly decreased prevalence of ovarian cancer compared with the control treatment, whereas administration of E alone had no significant effect.
On the basis of gross evaluation, we found no significant effect of treatment on stage of ovarian cancer (Table 2) , and the majority of the tumors were late stage (metastases present outside of the ovary, with or without ascites). Four tumors (all in the control group) were identified as early stage after examination of the H&E-stained section. At necropsy, these ovaries had no visible signs of cancer, and 2 out of the 4 ovaries were regressed (no large or small yellow follicles present).
Treatment-associated mortality
A total of 71 out of the original 231 (31%) birds died before experiment termination (Supplementary Table S2 ). Out of the birds that died, a larger proportion of hens treated with P alone (37%) or PþE (34%) died compared with the control (22%) or E alone (30%) groups, however, we found no statistically significant effect of treatment on mortality. The higher mortality in the hens treated with MPA may be due to the fact that a higher dose of MPA (100 mg) was used at the beginning of the experiment because decreasing the dose resulted in less mortality. The higher dose was also used in the Barnes and colleagues study (2002) and they reported a higher mortality rate for hens treated with MPA (32%) compared with the control (19) a Decreased prevalence compared to control (P < 0.01).
b
Decreased prevalence compared to control (P < 0.005). Table 2 . Stage of ovarian cancer (7) for hens diagnosed with the disease treatment (9) . The mechanism of this effect is unclear; however, MPA treatment can result in polyuria, weight gain, liver damage, and diabetes in birds (18) . We also observed no significant effect of treatment on body weight (data not shown).
Histologic classification of ovarian tumors
Microscopically, we identified 3 separate morphologies of the ovarian tumors: endometrioid, serous, and oviduct like. Figure 1 illustrates examples of all 3 types. The endometrioid tumors resemble a type found in women and are generally solid with a dense stromal component. They can exhibit glands (Fig. 1A) , as well as squamous differentiation and are positive for ovalbumin (Fig. 1B) , a known marker for chicken ovarian tumors (15, 19) . Note the lack of staining in the IgG control (Fig. 1C) . The serous tumors (Fig. 1D ) also resemble a type found in women and have very little stroma associated with the tumor cells (compared with endometrioid tumors) and also express ovalbumin (Fig. 1E) . These tumors can have papillary projections. Again, the IgG control is negative (Fig. 1F) . The third type, oviduct-like, does not have a tumor counterpart in women.
These tumors are associated with the production of secretory granules (Fig. 1G) , resemble the oviduct in the chicken and express ovalbumin as well (Fig. 1H) . The IgG control is negative (Fig. 1I) . They may represent a subtype of the other 2 main types, but this is not clear at this time. As expected, normal ovary (Fig. 1J) does not express ovalbumin (Fig. 1K ) and the IgG control is negative (Fig. 1L) . In hens treated with progestin, either alone or in combination with estrogen, we found no "oviduct" type of tumors (Table 3) . Egg production Administration of progestin alone or in combination with estrogen significantly decreased egg production compared with the control treatment (P < 0.01; Fig. 2 ). There was no significant effect on egg production for the hens treated with estrogen alone compared with the control treatment.
Plasma estradiol levels
Hens treated with estrogen alone (P < 0.01) or in combination with progestin (P < 0.05) had significantly higher plasma estradiol levels than the control group (Fig. 3) . As expected, treatment with progestin alone had no effect on plasma estradiol levels compared with the control treatment.
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay
We analyzed apoptosis in ovaries of hens lacking neoplasms and found no significant effect of hormone treatment on apoptosis in either the OSE or the stroma (data not shown).
Proliferation assay
PCNA expression was also assessed in ovaries of hens lacking neoplasms and we observed positive expression mainly in the granulosa cell layer of ovarian follicles in all treatment groups. There was no significant effect of treatment on proliferation in either the OSE or the stroma (data not shown).
Discussion
We have shown that administration of progestin, either alone or in combination with estrogen, decreases ovarian cancer prevalence in the hen (Table 1 ). In fact, treatment with progestin alone, or in combination with estrogen, significantly reduced the risk by 91% and 81%, respectively. These results extend a previous study which reported a 15% reduction in ovarian cancer in hens treated with MPA (9) . One difference between the previous study and the current one is the duration of MPA administration. In the Barnes and colleagues study, hens were injected with MPA 3 times during the treatment period, resulting in decreased egg production for 4 weeks immediately following each injection and increased egg production thereafter. On average, egg production was decreased by an estimated 24% in the hens treated with MPA. In contrast, we injected hens with MPA every 3 to 4 weeks suppressing egg production for approximately 16 months (Fig. 2) , effectively reducing egg production by 57% and 52% in the P and PþE treatment groups, respectively, compared with control treatment. This treatment scheme resulted in a larger reduction in risk than the Barnes and colleagues study, suggesting that the onset of ovarian cancer is related to ovulatory events.
In the 1970's Fathalla proposed the "incessant ovulation" hypothesis (20) . This hypothesis is based on the idea that ovulation results in the repeated rupture and repair of the OSE. Over time, this cyclical damage could result in genetic mutations that predispose these cells to become cancerous. Women with high lifetime ovulation numbers would therefore have an increased risk of developing ovarian cancer. Epidemiologic studies in women support this hypothesis. Pregnancy and oral contraceptive use are associated with decreased risk of ovarian cancer and both reduce the number of ovulatory events (21) .
In addition to our results, other studies in the hen indicate an association between the number of ovulatory events and the risk of ovarian cancer. Fredrickson observed a difference in ovarian cancer prevalence between 2 flocks of hens with different ovulation rates (5) . In his study, 1 flock of hens exhibited a higher rate of egg production as well as a higher incidence of genital tumors (including ovarian tumors) than another flock (5). Giles and colleagues reported a Figure 2 . Effect of treatment on egg production (n ¼ 231). PþE or P significantly decreased egg production compared with control (P < 0.01). There was no significant effect on egg production for the hens treated with E compared with control. Figure 3 . Effect of treatment on plasma estradiol levels (n ¼ 8 to 14 hens per treatment). E (P < 0.01) or PþE (P < 0.05) significantly elevated plasma estradiol levels compared with control. Treatment with P had no effect on plasma estradiol levels compared with control.
significantly decreased incidence of ovarian cancer in restricted ovulator (RO) hens than wild-type (WT) hens (14) . RO hens have a mutation that affects their ability to incorporate yolk into the developing follicle and consequently ovulate significantly fewer times than their WT siblings (22) . Interestingly, RO hens have a hormone profile associated with a high risk of ovarian cancer (low progesterone and high estrogen; refs. 23, 24) further suggesting that ovulation is linked to ovarian cancer risk. More recently, Carver and colleagues (2011) have shown that caloric restriction in hens decreases ovulatory events, as well as prevalence of ovarian adenocarcinoma (25) .
Collectively, these studies in the hen support the "incessant ovulation" hypothesis because decreased ovulation (egg production) results in a decreased incidence of ovarian cancer. Other studies in the hen have tested alternative chemopreventive agents, including aspirin (7) and flaxseed (8) . Administration of these agents resulted in a decrease in ovarian cancer stage, but did not affect cancer incidence. Interestingly, no effect on egg production was observed with these agents. This is in contrast to the significant decrease of egg production and ovarian cancer prevalence with the progestin treatment, but without an effect on tumor stage, in the current study. Taken together, evidence from ovarian cancer in both women and hens highlights the link between the prevalence of ovarian cancer and ovulation.
The hormonal components of oral contraceptives, progestin and estrogen, are thought to affect the development and/or progression of ovarian cancer. Progesterone has been proposed to protect against ovarian tumor development (26) . This protective effect might be independent of the effect of progestin on ovulation because women on progestin-only formulations of oral contraceptives are also at reduced risk of ovarian cancer even though ovulation is only suppressed in about 40% of users (27) . Progesterone/ progestin inhibition of proliferation and induction of apoptosis in normal OSE (28, 29) has been suggested to explain the protective effect observed with oral contraceptive use. In our study, however, we did not find a significant effect of progestin on apoptosis or proliferation in the OSE or the stroma from normal hens (data not shown). Therefore, it appears that, in the hen, induction of apoptosis or inhibition of proliferation does not account for the protective effect of the treatments that we observed.
Interestingly, tumors we have classified as oviduct like did not develop in hens treated with PþE or P alone (Table 3) . These tumors resemble normal chicken oviduct and are characterized by the presence of large numbers of secretory granules (Fig. 1) . They may represent subtypes of the endometrioid or serous types which we identified, or higher degrees of tumor differentiation. Further characterization of these tumors, including analysis of molecular markers specific to these subtypes (30, 31) , is needed to determine the significance of this result.
In contrast to progesterone, estrogens are thought to promote ovarian tumor progression (32) . Studies have shown that women who undergo estrogen-only hormone replacement therapy have an increased risk of developing ovarian cancer (33) (34) (35) . In thais study, hens treated with estrogen (either alone or in combination with progestin) exhibited significantly increased plasma estradiol levels compared with control hens (Fig. 3) , but there was no effect of estrogen treatment on cancer prevalence (Table 1) . Estrogens have been shown to promote cellular proliferation and inhibit apoptosis in ovarian cancer cells (36) . Similar to our results with progestin alone, we did not observe an effect of estrogen on apoptosis or proliferation in the OSE or the stroma from normal hens (data not shown).
Although not statistically significant, a larger percentage of hens diagnosed with serous-type tumors were treated with either PþE or E (83%) versus those that were in the control and P treatment groups (17%; Table 3 ). In humans, serous tumors are considered more aggressive than the other subtypes, and the association of estrogen treatment with the serous subtype suggests that estrogen may promote tumor progression in the hen. These results are similar to those seen in a recent study in which exogenous estrogen was shown to accelerate the onset of ovarian tumor development and decrease survival in a mouse model of the disease (37). Although we did not directly measure tumor onset in this study, hens treated with estrogen alone exhibit a decline in egg production before the hens in the control group (Fig.  2) . Egg production has been shown to decline in hens with ovarian cancer (7), and it is possible that this decline in egg production signifies an earlier onset of the disease in these hens. Furthermore, a previous study from our laboratory showed that ovarian tumors in the hen exhibit an upregulation of estrogen-regulated genes compared with normal ovary (15) . These results suggest that estrogen might play a role in the progression of ovarian cancer in the hen.
Our results indicate that ovulatory events might set the level of risk of the disease and other factors (such as hormones) may modulate this risk. The low incidence of ovarian cancer in hens with suppressed ovulation may be due to a decrease of ovulation-associated genotoxic stress. Studies have shown that nonsteroidal anti-inflammatory drugs (NSAID) inhibit tumor growth in rodents (38) and decrease tumor stage in hens (7), highlighting the potential role of inflammation in the etiology of ovarian cancer. Genotoxic insults may target either the OSE or the fimbrial mucosa, both proposed sites of origin of ovarian cancer (39) . Administration of oral contraceptives to hens significantly decreased ovarian cancer prevalence, supporting the use of oral contraceptives as chemopreventive agents for ovarian cancer.
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